Context. We report the detection of oxygen-rich circumstellar envelopes in stars of the nearby (700 kpc) starburst galaxy IC 10. The star formation history and the chemical environment of this galaxy makes it an ideal target to observe dust production by high-mass stars in a low-metallicity environment. Aims. The goal of this study is to identify oxygen-rich stars in IC 10 and to constrain their nature between asymptotic giant branch stars (AGBs), red supergiants (RSGs), and other infrared bright sources. We examine the mass-loss rate of the stars and compare to results obtained for the Magellanic Clouds. Our objectives are to (1) assess whether RSGs can be significant dust producers in IC 10, and (2), solve the discrepancy between the star formation history of IC 10 and the relatively low number of RSGs detected in the optical. Methods. We search for silicate dust in emission by using the spectral map observed with the Infrared Spectrograph on board the Spitzer Space Telescope. The optical (U BVRI) and infrared (JHK, Spitzer/IRAC and Spitzer/MIPS) photometry is used to assert the membership of the stars to IC 10 and disentangle between AGBs and RSGs. Radiative models are used to infer mass-loss rates and stellar luminosities. Results. The luminosity and colors of at least 9 silicate emission sources are consistent with stars within IC 10. Furthermore, the photometry of 2 of these sources is consistent with RSGs. We derive dust mass-loss rates similar to the values found in the Magellanic Clouds. Accounting for the sample completeness, RSGs are not important contributors to the dust mass budget in IC 10.
Introduction
Principal contributors to the dust in the interstellar medium (ISM) are thought to be low-mass asymptotic giant branch (AGB) stars, supernovae (SNe), red supergiants (RSGs), and late-type WC Wolf-Rayet stars (e.g., Gehrz 1989) . AGB stars are expected to contribute to significant dust production in the most metal-poor sources, because their evolution timescales are shorter in such environments. For metallicities as low as 1/200 Z , stars might take as short as 100 Myr to evolve from the zero-age main sequence to the AGB (Ventura et al. 2002; Herwig 2004 ). Boyer et al. (2012) found that AGBs produce most of the dust from cool evolved stars in the metal-poor Small Magellanic Cloud (SMC, 0.2 Z ), but other dust production sources such as growth from existing grains are necessary to explain the total dust mass budget. Alternatively, it is largely debated whether cosmic dust abundance can be reconciled with SN dust (e.g., Li et al. 2008; Maiolino et al. 2004) , as dust mass produced in SNe is largely uncertain (10 −3 M up to 0.5 M ; e.g., Stanimirovic et al. 2005; Matsuura et al. 2011) . With these considerations in mind, high-mass stars could be significant contributors to the ISM dust. In metal-poor galaxies, where latetype WCs are scarce, RSGs might be the dominant dust source (Massey et al. 2005 ; but see Boyer et al. 2012 ).
The detection of infrared excess due to mass loss in the circumstellar envelopes of evolved stars within Local Group galaxies is mostly limited to low-mass carbon-rich stars (∼ 1 M ; e.g., Sloan et al. 2012 and references therein) . This is due to the star formation history of our nearest neighbor galaxies, with the lack of a recent starburst episode that would result in pronounced populations of − more massive − oxygen-rich stars. From an observational point of view, probing O-rich dust production in Local Group galaxies is challenging as it requires observing the silicate emission bands in the mid-infrared range. The observation of such stars has been therefore limited only to the Milky Way and to the Magellanic Clouds with the space telescopes ISO (e.g., Trams et al. 1999a; 1999b) and Spitzer (e.g., Buchanan et al. 2009; Groenewegen et al. 2009; van Loon et al. 2010; Woods et al. 2011; Boyer et al. 2011) . The great sensitivity of Spitzer along with matured data analysis techniques now makes it possible to observe O-rich dust spectra beyond the Magellanic Clouds and in starburst galaxies.
The nearby dwarf starburst IC 10 is an ideal target to detect O-rich stars in a metal-poor environment, such as what has been accomplished for the Magellanic Clouds. IC 10 was discovered by Mayall (1935) and Hubble (1936) ; it is the nearest starburst galaxy known (∼700 kpc; Kim et al. 2009; Kennicutt et al. 1998; Borissova et al. 2000; Hunter 2001) . Its size and mass are comparable to the SMC while its metallicity of 12 + log(O/H)≈ 8. 26 (1/2.7 Z assuming the solar abundance from Asplund et al. 2009 ) lies between that of the Small and Large Magellanic Cloud (Garnett 1990; Lequeux et al. 1979; Richer et al. 2001; Skillman, Kennicut & Hodge 1989) . The starburst nature of IC 10 was first revealed by the discovery of a large number WR stars by Massey et al. (1992) . IC 10 has experienced several episodes of extensive star formation, with the most recent ones a few 10s to 100s of Myr ago (Vacca et al. 2007) . The presence of a widespread population of WR stars (Massey et al. 1992; Massey & Homes 2002; Royer et al. 2001) suggests that IC 10 starburst is also widespread and that RSGs are to be expected throughout the galaxy. At low metallicities, the number of RSGs should even dominate over the number of WR stars, as one expects from evolutionary theory (Maeder et al. 1980 ) and as demonstrated observationally in the Local Group by . The number of spectroscopically confirmed IC 10 WRs is 24, and the actual number is believed to be many more (Massey & Holmes 2002) . From the relatively low metallicity of IC 10, one would thus expect the population of RSGs to be about 50 − 100 strong (see Figure 12 of , not inconsistent with the colormagnitude diagram (CMD) of this galaxy.
After presenting the observations in Section 2, we derive a preliminary silicate emission map of IC 10 from which we identify several O-rich candidates (Section 3). We then crosscorrelate our sample with optical and infrared catalogs, removing foreground stars in the process (Section 4). The final midinfrared spectra (Section 5) are used to derive mass-loss rates and discuss the stellar chemistry of the sources (Section 6).
Observations
IC 10 was observed with the Infrared Spectrograph (IRS; Houck et al. 2004 ) onboard the Spitzer Space Telescope (Werner et al. 2004 ) on 2008 September 13 as part of GTO program 50318. Observations consisted in a sparse spectral map with the ShortLow (SL) module, providing the wavelength coverage between ≈ 5 − 14.5 µm with a spectral resolution power between 60 and 130. The map is made of 58 perpendicular steps and 8 parallel steps, with 2 cycles of 14 seconds per exposure. The galaxy was not fully sampled spatially because of time constraints. A gap was deliberately introduced between every perpendicular scanning position, with the gap size precisely equal to the width of the Short-Low aperture (≈ 3.7 ). The full width at half maximum (FWHM) of the point spread function is on the order of the aperture width (≈ 3.5 at 10 µm), allowing the detection of light from outside the slit despite the gaps. The flux is calibrated by performing optimal extraction of the point-like sources and accounting for the slit throughput (Section 5). In order to solve the incomplete spatial sampling for the preliminary analysis (Section 3), gaps were interpolated using a cubic spline over 2 pixels on each side. We estimate the effective spatial resolution of the map to be somewhat larger than the resolution at 14.0 µm, i.e., FWHM 1.8 px = 3.7 .
A preliminary automatic cleaning of each exposure was performed using IRSCLEAN 1 . The data were then imported and analyzed with CUBISM (version 1.7; Smith et al. 2007) . A second manual cleaning step was performed using the backtracking tool provided by CUBISM. Several exposures at the edges of the map were chosen to remove the background emission, mostly arising from the Milky Way. Images corresponding to relevant wavelength ranges for building the silicate strength map (Section 3) were extracted with CUBISM. The map of the integrated flux in the mid-IR range is shown in Figure 1 .
Near-infrared photometry of stars toward IC 10 is taken from the 2MASS point-like source catalog (Skrutskie et al. 2006 ) while optical photometry is taken from the Local Group Galaxies Survey (LGGS; Massey et al. 2007 ). In addition, we measured the mid-IR photometry using IRAC (Fazio et al. 2004) and MIPS (Rieke et al. 2004) respectively at 3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm (AORKEY 4424960), and with MIPS on 2004 December 26 at 24 µm, 70 µm, and 160 µm (AORKEY 4425472). Point-like sources were identified with the software MOPEX 2 in all IRAC bands and in the MIPS 24 µm band.
The longer wavelength bands of MIPS were not used because of the low spatial resolution. Similarly, we did not make use of the observation by the WISE telescope (Wright et al. 2010 ) at 3.4 µm, 4.6 µm, 12 µm, and 22 µm, because of the coarser spatial resolution (from 6.1 to 12 ) as compared to IRAC (1.66 − 1.98 ) and MIPS 24 µm (6 ).
The low Galactic latitude of IC 10 (−3.34
• ) results in a high extinction, E(B − V) = 0.81 (Massey & Armandroff 1995; Massey et al. 2007) , implying that observations are strongly reddened, even in the near-IR. Using the value of E(B − V) = 0.81, and assuming the total-to-selective extinction ratio R v = 3.05, we de-reddened the U BVR observations following the prescription of Table 3 .21 in Binney & Merrifield (1998) . Magnitudes from the I band to the IRAC [8.0] band were corrected for extinction using the power law prescription of Martin & Whittet (1990) , summarized in Glass (1999) .
Pixel-based analysis
In order to identify dust enshrouded O-rich stars in IC 10, a silicate strength map was built from the IRS map (Section 2). Silicate dust is looked for in emission via the 9.7 µm emission feature which originates from the Si−O bond stretching mode (e.g., Knacke & Thomson 1973) . Following Spoon et al. (2007) , the silicate strength S sil is defined as:
where f 9.7,obs is the observed flux density at 9.7 µm, and f 9.7,cont is the continuum flux density at the same wavelength. We first calculated the continuum shape in order to estimate f 9.7,cont . We used CUBISM to extract the continuum maps at ∼ 5.4 µm (median flux within 5.2-5.6 µm) and 14.0 µm (median flux within 13.7-14.3 µm), and degraded the 5.4 µm map to reach the spatial resolution of the 14.0 µm map (3.7 ). The continuum shape was then calculated by applying the spline method adapted to PAH-dominated spectra, as described by Spoon et al. (2007) . Finally, we extracted the 9.7 µm map and convolved it to a 3.7 resolution in order to estimate f 9.7,obs . We calculated S sil using Equation 1 for all the pixels with a continuum flux at 9.7 µm greater than 1 mJy. The resulting silicate emission map is shown in Figure 1 . Based on the FWHM of sources in Figure 2 , the spatial resolution ranges from 3 to 4 , i.e., about 10 − 14 pc at a distance of 700 kpc. A total of 18 point-like sources were selected based on their point-like appearance and for which S sil > 0.05 (Table 1 ; Figure 2 ). We find no evidence of spatial clustering and no evidence of extended silicate emission.
We wish to emphasize that the silicate strength values inferred from the pixel-based analysis (Figure 1 ) are only indicative and bear systematic uncertainties. The map interpolation combined with the convolution to homogenize the data necessarily results in uncertain pixel values (Section 2). Most importantly, significant background emission arising from the ISM of IC 10 prevents an accurate estimate of the source silicate dust continuum. Final values of the silicate strength are derived using optimal spectral extraction (Section 5).
2 http://ssc.spitzer.caltech.edu/postbcd/mopex.html It is difficult to estimate the sample completeness based on the silicate strength map alone. Given the presence of gaps in the map (Section 2) and given that the point spread function is slightly more extended than the SL slit height (≈ 3.7 ), we could be missing somewhat less than half of the sources. The present sample is mostly limited by the flux at 10 µm (see also Section 6.3).
Optical and infrared counterparts

2MASS catalog
Most candidate silicate emission sources in Table 1 could be associated with a 2MASS source from the point-like source catalog ( Table 2) . Given the spatial resolution of the silicate strength map (3 − 4 ; Section 3), we considered positive matches for association of 4 or less between the source centroid in the silicate strength map and the 2MASS coordinates. Most sources were matched within 2 or less, corresponding to about 6.8 pc in actual distance. There were no multiple matches within 4 . We consider from now on the 2MASS coordinates as our reference coordinates for the candidate silicate emission sources.
Sources #1, #5, #9, #17, and #18 could not be associated with 2MASS point-like sources. Source #18 is 4.4 away from 2MASS 00203222+5917091 in the extended source catalog. Multiple sources from the LGGS (optical) catalog are seen close to this source, but no match in the IRAC [8.0] band was found (Section 4.2). For this reason, and because the coordinate match between source #18 and the 2MASS counterpart is somewhat larger than the map resolution (≈ 4"), we exclude this source from the following discussion. The match between the other sources and IRAC sources is discussed in Section 4.2.
IRAC and MIPS sources
We cross-correlated our sample with sources identified in the IRAC maps with MOPEX (Section 2). At the spatial resolution of the IRAC [3.6] map (1.66 or ≈ 5.6 pc), sources #4, #8, #11, and #12 looked by eye slightly elongated while sources #10 and #16 are multiple or visibly extended. Based on the radii fitted by MOPEX, the other sources are point-like. IRAC magnitudes are presented in Table 3 .
Source #17 is not a 2MASS source, but it could be matched with an IRAC point-like source. It is likely significantly embedded so that even the near-IR bands are extinguished by dust. Thus, we choose to include this source in the following discussion. Sources #1, #5, and #9 are either significantly far from any IRAC source or they are part of an extended emission in the IRAC bands. These 3 sources are excluded in the following dis- Table 1 ). The inner circles (4 radius; ≈ 14 pc) indicate the position of the 2MASS counterpart ( Table 2 ). The size of the circles is chosen for display purposes. The IRS spectra are extracted from a beam with FWHM≈ 4 . cussion since they also do not have a 2MASS point-like source counterpart.
Sources #12 and, to a lesser extent, #8 and #11 are matched with MIPS 24 µm point-like sources (Figure 3) . The spatial resolution at 24 µm is 6 (corresponding to ≈ 20.4 pc), i.e., somewhat larger than the silicate strength map resolution (≈ 3.5 , Section 3). We verified that there were no multiple IRAC sources contributing to the extraction aperture at 24 µm.
LGGS catalog
Matches with the optical LGGS sample were found within ∼ 1 of the 2MASS coordinates for all sources in our remaining sampled (Table 4 ) except for sources #3 and #11. Because of the large IRS and IRAC beams, we consider that LGGS sources within ∼ 4 could contribute to the extracted IR fluxes. We list in Tables A.1 and A.2 the LGGS sources found within 4 of the 2MASS counterpart. In practice, only sources #12, #13, #14, and #16 in our sample have several bright infrared LGGS stars within such a radius. It must be kept in mind in the following that these sources could be multiple objects.
For all the other sources, we cannot exclude that compact stellar clusters might be affected by confusion, even in the optical LGGS observations. Such clusters would have to be smaller than ∼ 1 , or ∼ 3 pc, to be unresolved in the LGGS. We explored the high spatial resolution observations from the Hubble Space Telescope (HST) to investigate further the possible presence of compact stellar clusters. For this test, only sources that are member of IC 10 are considered (Section 4.4). Only sources #3, #7, #8, #12, #13, and #14 were covered by the observations with the Advanced Camera for Surveys (ACS) (Figure 4 ). There is no evidence of enhanced clustering toward these sources, except maybe for source #8, with a few bright stars within the IRS extraction aperture. In the following, we assume that the flux extracted in 2MASS, IRAC, and IRS is dominated by the LGGS object found closest to the 2MASS coordinates.
Field contamination by foreground stars
We now investigate the photometry of the objects associated with the candidate silicate emission sources (Tables 2 and 4) in order to test their membership to IC 10 and their intrinsic stellar properties. As explained in Massey et al. (2007) , the V and B − V colors provide a good diagnostic on the stellar type while also separating foreground stars from stars in IC 10. Figure 5 shows the photometric data from Massey et al. with the candidate silicate emission sources from Table 1 overlaid. According to Massey et al., RSGs belonging to IC 10 are expected to have B−V 2 and V 20. Only sources #4, #6, #7, #8, #12, #13, and #14 fit this criterion. The other sources (#2, #10, and #15) could be yellow supergiants, but they are far more likely foreground stars. Note that sources #3 and #11 have no optical counterparts (Section 4.3). Diagnostics for these 2 sources are based on their IR photometry alone. We also show in Figure 5 the LGGS Notes. Errors are below 0.01 dex unless otherwise noted. The field stars are identified based on the color diagnostics discussed in Section 4.4. The distance between the source centroid in the silicate strength map and the associated LGGS catalog is indicated between the parentheses. The
LGGS ID is the best match within the search radius (see Tables A.1 sources found within the search radius of the candidate silicate emission sources from Table A.1. Only 3 sources have optical colors expected from RSGs, but they are not the most infrared bright within the search radius.
In an independent approach, we have used the Besançon population synthesis model (Robin et al. 2003) to count the number of foreground stars expected toward IC 10 with colors and magnitudes similar to those expected from RSGs in IC 10. We used the expected V magnitude and B−V color of RSGs in IC 10 from Massey et al. (2007) and found that no foreground stars can be at the same time that red and that bright.
Finally, near-infrared photometry further constrains the membership to IC 10. Based on an offset field of view, Borissova et al. (2000) conclude that foreground stars have colors such that 0.4 J − K 1.0, and H − K 0.1. All the sources in Table 2 have H − K > 0.1 and J − K between 1.4 and 1.8, which bolsters our confidence that sources #4, #6, #7, #8, #12, #13, and #14 belong to IC 10. Moreover, Borissova et al. estimate that RSGs should have J − K ∼ 1.4 and 13 K 15 while AGB stars should be fainter. Source #11, which has no optical counterpart, has K = 12.1 and does not fit the constraints above; it is brighter in the K band by one order of magnitude than the other sources and is likely a foreground star. All the other sources have 1.4 < J − K < 1.8. In particular, source #3, which also has no optical counterpart, could be a RSG in IC 10 based solely on its JHK colors.
In summary, both the optical and IR photometry of sources #4, #6, #7, #8, #12, #13, and #14 are consistent with membership in IC 10. Furthermore, the K magnitude of these sources (and of source #3) seem to indicate they are RSGs. We refine the determination of the stellar nature in Section 6.
Mid-infrared spectra
In this section, we present the mid-IR Spitzer/IRS spectra of all the candidate silicate emission sources. We consider sources #3, #4, #6, #7, #8, #12, #13, and #14 (members of IC 10) as well as #17 (IRAC source).
The presence of spatially extended MIR emission (dominated by polycyclic aromatic hydrocarbon bands and warm dust continuum) from the ISM of IC 10 prevents a regular spectral extraction of the sources (i.e., integration of the flux within a spatial window). We therefore used the optimal extraction provided by SMART-AdOpt 3 (Lebouteiller et al. 2010 ) to extract the spectra at the matching star location in the exposure images. Optimal extraction weighs the source spatial profile by using the instrument point spread function as a reference. The extended emission coming from the ISM of IC 10 was removed simultaneously using a second-or third-order polynomial. The stars location within the IRS SL aperture was constrained not only in the cross-dispersion direction but also in the dispersion direction, therefore accounting for the slit throughput and providing an accurate flux calibration. An example of extraction is presented in Figure 6 . Final spectra are presented in Figure 7 .
The spectral trace was detected for all the sources mentioned above. Detection levels (based on the integrated SL wavelength range) are given in Table 5 . Besides the bright sources #8 and #12, we note that sources #4, #6, #13, and #17 are fairly well detected (more than 2σ), while sources #3, #7, and #14 barely stand above the detection threshold. Based on the comparison between the source spatial profile and the IRS point spread function, we find that all sources are point-like at the spatial resolution of the IRS SL module at 10 µm, i.e., ≈ 2 .
Sources #8 and #12 show prominent silicate emission peaking respectively at 8 mJy, and 11 mJy, while source #4 shows weak emission peaking at ≈ 3 mJy (Figure 7) . The signal-tonoise ratio of the other sources is too low to assert unambiguously the presence of silicate dust. Silicate strength values are given in Table 5 . The silicate emission flux density peak in RSGs of the Large Magellanic Cloud (LMC) ranges from ∼ 1 Jy to ∼ 3.5 Jy (Buchanan et al. 2009 ). Such sources would have fluxes around 4 − 14 mJy at the distance of IC 10, which is compatible with our values. We notice that source #12 is characterized by a bright dust continuum longward of 13 µm which cannot be due to background extended emission, as it was removed during spectral extraction. This object is associated with a pointlike source in the MIPS 24 µm image. The nature of the silicate emission sources is discussed in Section 6.1.
Properties of the stars
RSG vs. AGB
Silicate dust can be produced by several types of stars, most notably AGBs, RSGs, planetary nebulae, and novae. Young stellar objects (YSOs) also show silicate dust in their disks or outflows, although the dust grains might not be produced in situ. The optical and near-IR colors suggest that all sources but #17 could be RSGs (Section 4.4). We now review this finding by comparing the K s vs. J −K s colors of stars in IC 10 and in the LMC. Notes. The sources with significant silicate emission are shown in bold (Section 5).
(a) Detection level over the spectral trace (integrated SL wavelength range).
(b) Mass-loss rate determinations with a factor of ≈ 2 statistical uncertainties.
shows the CMD in which the magnitudes of IC 10 sources have been scaled to the distance of the LMC. Sources #7 and #13 appear to fall in the O-rich AGB color domain, while source #3 lies on the AGB/RSG cut. All the other sources (#2, #4, #6, #8, #12, and #14) are unlikely to be AGB stars.
The most important constraint in distinguishing between AGBs and RSGs is the bolometric luminosity. It is expected that RSGs have a bolometric luminosity M bol −7.9 (i.e., 117 000 L ), while AGBs should have M bol −7.1 ( 56 000 L ) (e.g., Wood et al. 1983) . Although AGBs can undergo hot bottom burning or thermal pulses that can increase their brightness temporarily (e.g., Groenewegen et al. 2009 ), the threshold M bol −7.9 allows separating less luminous RSGs from intermediate-mass AGBs (see Massey & Olsen 2003) . We used the MIR spectra alongside the photometry to constrain the luminosity and mass-loss rate of the sources using the radiative transfer model described by Groenewegen et al. (1995 Groenewegen et al. ( , 2009 . For all stars we fitted a model with pure silicate dust (with absorption coefficients from Volk & Kwok 1988) , and another one with a mixture of 20% aluminum oxide and 80% silicate. For #8 and #12 the pure silicate dust model provided the best fit, while either model fits the data for the other sources. Table 5 and Figure 9 shows the results for the silicate dust model. Based on the model results, most of the sources are much too (Meixner et al. 2006 ). The IC 10 sources are corrected for reddening and then "moved" to the LMC for comparison. AGB stars fall within the labeled region in the upper-right region (Cioni et al. 2006; Nikolaev & Weinberg 2000) . O-rich AGB stars are redder than the left oblique line while C-rich AGB stars are redder than the right oblique line. Sources #10, #11, #15, and #16 are foreground sources not associated with IC10, and are marked with green triangles. Source #17 is not a 2MASS source.
bright to be AGBs. Only sources #12 and #17 fall below the luminosity threshold. Sources #3, #4, #6, #7, #8, #13, and #14 are thus again compatible with RSGs.
The specific case of source #12 is puzzling, as it shows strong silicate emission, a dust continuum longwards of 10 µm which is visible in the IRS spectrum, and it is detected in the MIPS 24 µm image. The Herschel/PACS observations (S. Madden, private communication) place strict upper limits on the dust emission at far-infrared wavelengths. Due to the presence of a dust continuum, we compared the spectrum of this source to young star cluster dust radiative transfer models (Whelan et al. 2011) in order to test the hypothesis that source #12 is a young compact stellar cluster. If source #12 is a young stellar cluster, then the near-IR measurements could arise from the mainsequence stars in the cluster while the long-wavelength continuum would arise from dust heated in the intra-cluster medium by the young stars. However, no models fit the data points: the 24 µm data point and the PACS upper limits were much lower than expected for a range of appropriate dust geometries, from optically thin and geometrically thick to optically thin and geometrically thin. This suggests the lack of a carbonaceous grain dust component as one would expect in a dusty star forming environment. This finding is compatible with the lack of a clustering around source #12 in the HST images (Figure 4) . We therefore tentatively conclude that source #12 is not a young compact cluster but is a dust-producing evolved star of some kind. Due to the presence of a silicate emission feature, low dust continuum, and relatively low luminosity (compared to RSGs) of planetary nebula NGC 6804, source #12 may be a planetary nebula around an O-star (Bilikova et al. 2012; Weidmann & Gamen 2011) , or a dusty WR star. The shallow long-wavelength SED is also reminiscent of extreme-AGB stars, which are usually carbon stars (see Boyer et al. 2012 and references therein).
Mass-loss rates
Although it is possible to infer the mass-loss rate from molecular infrared transitions (Matsuura et al. 2006) , the dust emission associated with the circumstellar envelope is the best tracer of mass loss. The mass-loss efficiency in O-rich stars depends more on metallicity than in C-rich stars, because O-rich dust depends on metallicity-limited elements (Si, Al), while amorphous carbon depends on self-produced C (e.g., Sloan et al. 2008 Sloan et al. , 2012 .
The dust production rate was computed from our models (Section 6.1), assuming an outflow velocity of 10 km s −1 . The total mass-loss rate is estimated using a standard gas-to-dust ratio of 200. The mass-loss rates we infer (Table 5 ) lie within the ranges of what is found for the RSGs in the SMC and LMC, with rates between 10 −5.5 M yr −1 and 10 −7 M yr −1 (Groenewegen et al. 2009 , assuming identical values for the outflow velocities and gas-to-dust ratio).
Spatial distribution and sample completeness
A comparison of the luminosities of the RSG candidates (Table 5 ) and theoretical isochrones (Fagotto et al. 1994) suggests that the stars in our sample (all but #17) are more massive than 12 M . Their expected lifetime is ∼ 20 Myr old, which is consistent with a starburst population. Is the spatial distribution of the RSG candidates compatible with the starbursting region? The claim for a starburst in IC 10 mainly originates from the discovery of over 100 WR stars (Massey et al. 1992; Royer et al. 2001; Massey & Holmes 2002) . These studies showed that the spatial distribution of the WR stars is quite uniform, suggesting a widespread starburst. Hence, we do not expect to find the RSGs in any particular region, which is supported by our results.
We expect the number of RSGs to dominate over the number of WR stars at low metallicity, with a lower limit of 50 RSGs in IC 10 (e.g., Maeder et al. 1980; . Our current sample sets a lower limit on the actual number of O-rich dust enshrouded stars and RSG candidates, with notably a strong limitation by the Spitzer/IRS sensitivity at 10 µm. In order to quantify the completeness of the sample, we built a sample of stars with similar colors as the RSG candidates we already identified. Based on Sections 4.4 and 6.1, we choose the following constraints: J − K = 1.5 ± 0.2, H − K > 0.3, B − V > 2.2, and V − R > 1.6. Only 16 sources in the 2MASS/IRAC cross-matched sample (633 stars) fit these constraints, including the already confirmed sources #4, #8, and #12 (Table 6 ). None of the other 13 sources show silicate emission in their IRS spectra. We partly attribute this low number of silicate emission sources to the low signal-to-noise ratio in the IRS spectra, as indicated by the IRAC [8.0] magnitudes. Only one source, 2MASS 00200459+5918198, is expected to be bright enough for the silicate emission to be detected, and its [5.8]-[8.0] color does suggest the possible presence of silicate emission. However, the [8.0] flux is likely overestimated due to a contamination by PAH emission which might not have been completely subtracted when performing the aperture photometry with a sky annulus. A total of 13 more sources could thus also be RSGs in addition to the 3 sources we already identified. Considering an average mass-loss rate of 5 × 10 −7 M yr −1 (Section 6.2), this results into a total mass-loss rate of 8 × 10 −6 M yr −1 for IC 10 (see discussion in Section 6.4).
The low number of RSGs was already noticed by Massey et al. (2007) , using deep optical images (photometry errors of 0.004 in V and 0.015 in B for B = 24.3) and better spatial resolution than 2MASS and Spitzer observations. The authors argue Fig. 9 . SED fit results. For each source, the SED model is shown on top as the solid curve, with the diamonds indicating photometry points from the optical bands, 2MASS, and Spitzer, and with the segments indicating the IRS data. The [24] data point for source #8 bears significant uncertainties (see Table 3 ). The downward arrows for source #12 show the upper limits on the Herschel/PACS fluxes. Source #12 could not be fitted by our models (Section 6.1).
that a very young burst ( 10 Myr) could be responsible for the large WR/RSG population ratio. Although our Spitzer data uncover just the tip of the RSG iceberg, the missing RSGs in IC 10 remains an unsolved mystery.
Discussion
Our analysis of stellar properties shows that the luminosities of red-supergiants in IC 10 are above 90, 000 L (Table 7) . Stellar evolution models show that stars with an initial mass higher than 11.7 M can reach luminosities higher than 90, 000 L during the RSG phase (Fagotto et al. 1994) . Stars lower than 9 M mass cannot reach such a high luminosity, though the calculated mass range lacks 9 − 11.7 M stars, which evolve into the super-AGB phase. The models further predict that the age to reach such high luminosity phase is about 20 Myrs old or younger. The age of RSGs is consistent with the star-formation history of this galaxy. Hunter (2001) analyzed stellar clusters in the galaxy, and showed that IC 10 has episodes of high starformation; young (4 − 30 Myrs) clusters, presumably formed in the starbursts, and intermediate age (450 Myrs) clusters. The age of RSGs corresponds to the starburst phase of this galaxy and it is consistent with the large population of WR stars detected (Massey & Holmes 2002) .
Our analysis might provide a unique case of measuring mass-loss rates of such young red-supergiants. RSGs in IC 10 might belong to young starbursts (4 − 30 Myrs), while LMC RSGs are mostly from intermediate age clusters (a few 100s of Myr; Elson & Fall 1988; van Loon et al. 1999) . The mass-loss rates of young RSGs are typically 10 −7 −10 −6 M yr −1 , which are comparable to those observed in LMC RSGs. We did not detect mass-loss rates higher than 10 −6 M yr −1 in our sample of RSGs (if removing #17), although such higher mass-loss rates have been found in Galactic RSGs (e.g., VY CMa of 10 −4 M yr −1 ; Decin et al. 2006 ). This might be due to the fact that our selection of RSGs is limited by the detection limit of the 2MASS photometry, where RSGs with high mass-loss rates are faint at near-IR wavelengths.
The current analysis of mass-loss rates shows that gas ejected from the RSG population into the ISM is at least 10 −5 M yr −1 , and the dust return from RSGs is at least 5 × 10 −8 M yr −1 . We consider this to be a lower limit, because it is likely that stars with high mass-loss rates are not detected yet (because of dust extinction in the K band), but these stars could to contribute significant fraction to gas and dust return from the total RSG populations into the ISM. Compared with the gas mass of IC 10 (∼ 10 8 M , Yin et al. 2010 ) and a star-formation rate of up to 0.2 M yr −1 (Leroy et al. 2006) , which represents the ISM gas mass consumed by the formation of stars, the mass injected from RSGs is significantly small, and has little impact on the total gas ISM mass at the current stage. Although the total mass of ISM dust in this galaxy is unknown, it is likely to be on the order of 10 6 M , considering the gas-to-dust mass ratio. The dust from RSGs appear to be not an important contributor to the dust mass in this galaxy if the star formation rate of this galaxy has been more or less similar for the past few Myrs. A similar conclusion was reached for the Magellanic Clouds where AGBs are shown to dominate the stellar dust production (e.g., Boyer et al. 2012) . We conclude that although RSGs could in principle dominate the dust production over AGBs in a starbursting galaxy (e.g., Massey et al. 2005) , this is not observed in IC 10.
Conclusions
We report the discovery of O-rich dust enshrouded stars within the nearby (≈ 700 kpc) dwarf starburst galaxy IC 10. We examined the Spitzer/IRS spectral map (7.5 − 14.5 µm) in order to build a sample of point-like sources potentially showing silicate dust in emission. The silicate strength map we constructed reveals several point-like sources and no extended emission.
Most sources are associated with single, point-like, 2MASS and optical sources. We investigate the colors and magnitudes in the near-IR and optical, and identify 9 sources belonging to the IC 10 system. The colors and photometry in the optical and nearinfrared suggests that these sources are different from AGB stars. Modeling of the dust predicts high luminosities compatible with RSGs. This is thus the farthest detection of O-rich dust encircled stars confirmed spectroscopically. The low number of sources discovered spectroscopically does not solve the apparent lack of RSGs as compared to WR stars in IC 10 (Massey et al. 2007 ).
We derived mass-loss rates for all sources using a radiative transfer model. Accounting for sample completeness, the total mass-loss rate is significantly small as compared to the dust mass in IC 10. Other sources of dust (AGBs, SNe, WR) are necessary to explain the dust mass observed in the ISM of IC 10.
Another source belonging to the IC 10 system shows strong silicate emission together with a warm carbonaceous dust grain continuum. The nature of this source remains unknown. 
